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An X-ray diffracticn study of a harium borosilieate glasa consisting of 24 mole pereent
barium oxide, 40 mola percant borie oxide, snd 36 mols pereent silicon dioxide has been per-
Iormed. Resulting atomie radisl distribution functions give the following average inbor-
atomie distances: 8i-G, 1.6 &; Ba-0, 2.8 A; Pa-Br, 4.7 A; and Ba-Ba, 6.8 A, From the 4.7
A Ba-Ba zeparation & Fa-0-By bond angle of about 1157 has been caleulated.  The observed
average barium separations arg in partial agreement with that predieted by Levin and Block
on the basis of & atructoral interpretation of immiacibility dala. A proposed coordinsticn
change by Levin and Plock for the barfum atoma in the system has been confirmad, but the
details of the coordination :;hamﬁe mechavism have not.

Combinlng the resulta of the radial distribution study and immigeibility data on the
barium borosllieate modifier—rich liquid af maximum barinn oxide content has indicated
that spproximately 16.75 mole percent barium oxide is involved In the 4.7 A geprration snd
8,25 mole percant is associated with the 6.8 A separation,

A mechaniin which allowa the composition of the modifler-rich Yiguide in the ternary
syatem to be galeulated has besn presented.  The caleulated ¢omposition has been found to
agrer well with the sxperimental vahie.

1. Introduction

A comprehensive steuctyral interpretation of the
immiseibility of alkali and alkabne-earth metal
oxides in borate, silicate, and borosilicate syatems
has been proposed by Levin and Bloek 110 Two
models representing short-range structures, orig-
inated b arrent and Pincus [2], were adopied to
enable the composition of the immiscilylity limit
to he calculated. The adopied models have been
described previovely [1,2] and sre shown in figures
1 und 2.

For the binary barium borate systein at the limit

+ of maximnm miscibility of barium oxide in the modi-
fier-rich. liquid, Levin and Block proposed that the
Average sepatution of barium atoms iz 667 A
resulting from type B coordination. Subseguent
radial distribution analysis of the approprinte
barium borate glase hy Bienenstock, Posner, and
Block (3] demonstrated that the proposed model

. was essentially correct. . The average separation of
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Frorer 2. Schematie representation of type B eosrdination,
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barium atoms was found to be 6.8 A, This conclu-
sion waa based on the assumption that the structure
of the modifier-rich liquid did not differ appreciably
from the structure of tha corresponding gﬁssy state
Fioume 1. Schemalic represemtotion of type A coordingtion, Ob%‘ainﬁlhby rapid quenchtling [4]h ) borasilicat
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tion of tha barium atoms in the modifier-rich liquids,
at the limit of maximum miscibility of modifier
oxide, changed progressively upon addition of
silicon dioxide component Irom type B coordination,
characteristic of the bariwm borate systemn, to type
A coordination charaeteriatic of the barium boro-
gilicate ayatem at maximum barinom oxide content
(sez pwrenthetical number in part (A) of fig. 3 and
related. legend). Accompanied with the coordina-
tion change, & decrense in the average separation
of barium atoms from 6.67 A (type B w-m*cﬁnatim}
to 550 A (type A coordination} was postulated.

The primary purpose for this research was to
gompare the average barium interatoinic separation
in barium borate and barium borosilicate zystems
at maximum miscibility of barium oxide in the
respective modifier-rich liquids in order to deter-
mine the mechanjem accounting for the obsarved
increase in the immiscibie range of barium boro-
silicate. This paper describes the determination
of average interatomic arations by means of a
Fouriar analysia of X-ra;egiﬁraction pattarna of tha
appropriate barinm borosilieate glass. It also pre-
senta & qualitative interpretation of the ohserved
interatomic distences. With respect to the avernge
hariumm  separation, if tha ¢oordination change
(B to A) u]:uﬂtruInt.ﬂd by Levin and Block is & physical
reality, then the resulting atomic radial distribution
eurve ghould show the prezence of » large maximum
in the 5.5 A region and the absence of a pesk of
comparable magnitude in the 6.3 A range.
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2. Experimental Procedures

The experimental procedures were essentially |
the same a3 those employed previously in the vitreous
barium borate study [3]. Messurements were made
with @ Noreleo X-ray diffractometer, Intensities
were determined with & Norelco counting rate com-
gut.ﬁr adjusted so that the probable intensity error

id not exceed 2.4 percent. Monochromatization
of the scattered radiation was achieved by means of
the balanced filter teshnigua [ﬂ. Inteneity cor-
rection due to air seatter wos avoided by evacuating
the vpluma defined by the scatter shield surrounding
the specimen. The intensity data were auto- .
mat-icsﬂl:,r determined ond recerded on a Brown
strip-chart recorder at 0.05° intervals in 26, Using
Cu radiation, meassurements were taken in the range
2° tp 70° 20. With Mo radiation, the intensity -
measyrements were made in the range 20° to 607
20. Pariodie checks were made to guard against
significant variations in incident intensity. Further
detall in the experimental procedura 1B given in
reference 3.

The spacimen, containing 24 mole pereant barinm
oxide, 36 mole percent silicon dioxide, and 40 mols .
percent boric oxide, was obtained from G, W. Cleck
and E. H. Hamilton of the National Bureauw of
Standards staff, The measyred donsity of this
specimen, deiermined by the method deseribad by
Glaza, Young, and Finn [6], is 3.36 g em™. The
normalized experimentsl intensities (A) corrected
for polarizetion sre shown in Bgure 4. .

’ﬁm coherent seattering faciovs, f, for barium,
boron, silicon, and oxygen, in addifion to the in-
coherent eesttering faectors for silicon, boron, and
oxygen, were ohtained from standard references [7].
The inecoherent seattering factor for barium was
caleulated using [8]

Tee=Z— 7.

The incoherant seatter was corracted with the
Breit-Dhrae factor [8]. The total independent scatter
eurve (B) in figure 4 is the sum of the coherent ()
and incoherent (D) scatter. Tnlike the technique
eriployed in the barium borate study [3], the experi-
mental intensities corrected for polarization were
put on an absolute secale (electron units per unit
of eomposition) by adjusting the ordinates of the
experimental intensity curve so that the experimental
cutve (A) matehed the total independent seattering
curve (B) at larpe s values. This procedure was
followed because 1t appenred less likely to produce
high frequency ripples in the distribution corve
{nssuming that systematic errors in intensity mess-
nremnents snd ecattering curves have not heen
completely climinated) which would interiera with
the determination of peak positions, The method
uzed hers fends to push the error residuee toward
low s values thereby producing longer wavelength
rifpplea which interfere less with the determination
of peak positions. That high frequency ripples
lead to inaccuracies in the distribution ecurve seemes
to be indicated in the barium borate study [3].
The normalized intensity curve (A) corrected for
polarization is shown in hgure 4.
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Following essentislly the same caleulations em-
ployed in the previous barium borate study [3],
the atomic radial distribution funstiona were de-
termined. The weighted distribution iz usaally
given by the relation:

K e (I= T Aot 2 [

mle

eils) sin g0 dg,

where I indicates summation over the molecular
composition. K, is the effective nuinber of electrons
in atom m, and i8 defined ss K ,=F./f. 4rrip (rds
iz the number of atoms, each multiplied by its
effective number of electrons, between distances r
and r3-dr from atom m.  py is the average number
of electrons per unit volume. ¢ equals (dx sin 8 fi,
where # is the Br angle of diffraction and X
is the wavelength of the radiation. 4{s) is the experi-
mental amplitude function and is equal to {f..—
e, where [, s the corected experimental
inteneity of ummodified scatiering in electron units
?BI‘ unit composition, f, is the atomic scattering
actor for atom m, and f, 18 the sverage f per electron.
That is, f, equalr Zfo/Zfn, where Zn is the atomic¢
number of atom m. The reader is referred to refer-
ence 8 for further mathematical detail related to
the ahove general equation.

The determination of the radial distribution
function comprizes two main steps:  First, the
pumarical evalyation of the si(z) funetion from
experimental scattering data, and second, the
evaluation of the summation

Am
Zr i gi(s) sin srhs.
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These summations were performed on a high apeed
digital computer for 0.1 A intervals in r from r=0
to r=0.9 A over specified tanges in ¢, giving directly
the differentinl radial distribution function,

2K dnpm(r) —pul,

from which, by adding the average radial atomic
density, EK.WN. the atomic rediad distribution as
a function of r i& cbtained,

3. Rezults

A fit at high s values of the corrected experimental
intensity (A), derived from both the molybdenym
and copper radiations, te the total independent
gecatter curve (B} is shown in figure 4. An atomic
radial distribution function derived from the sxperi-
mental intensity data is shown in figure 5. Several
techoiquea were emploved in  determining the
radial distribution function. For example, the
geries was terminated at wvarious & wvalues, the
experimental scatter curve {A) was exirapolated
to zero at #=0, the CuE, and MoK, intensity
curves were fitted together im several ways, a
number of normalization trisls were made, and
varigus temperature factors were applied to the si(s)
functione. Application of these techniques produced
no sicnificant change in the peak positions in the
distribution curve ghown in figure 5. However, the
peak aress were affected. A temperature factor of
e~ waq applied o the experimental amplitude
function used in determining the distribution
curve shown in figure 5. The intensity data covered
the range 04 to 3.8 A™ in &
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For the purpose of this study the more important
features of the distribution function shewn in figure &
ore the presence of two uncxpected major peaks, one
at 4.7 A, the other at 6.8 A, and the ahsenee of an
expected major pesk in tha 5.5 A region, The two
obeerved peaks are attributed primarily to harium-
barium interatomic separations, because the barium
ptom iz the only one present in the glass having o
large encugh scattering factor to produce peaks of
this magnitude.

The 4.7 A barium-bariwm separation is sseociated
with 4 maodified type A coordination wherein the
bariwrn-oxygen-harium bond angle is approximatel
115, not 180° as postulated by Levin ung Block.
schemailc representation of modified type A coordi-
nation i8 shown in figure 6, If it 18 assumed that
the barium atoms form, in general, a cubic array
with an avernge cdge of 4.7 A then the face diagonal
of this cube has a lengrth of 6.65 A,  Although the
radial distribution functien shows high atomie den-
sityv in the region of 6.65 A, the maxinurm is at 8.5 4.
Thiz peak is primarily due to barium atome in type
B coordination, and the second nearest neighbor
barium-bariom s&iaratiun arising from modified type
A coordination. gimilar harium separation (6.5 R}
was found for type B coordination i the barium
borate study by Bienenstock, Posner, and Block {3].

Further analysis of the distribution function indi-
catea that the 1.6 A peak represents primnarily the
average silicon-oxygen hearvest neighgor distanec.
The ecaleulated digtance iz 162 A B
radial-distribution study, Warren et
1.82 A for the silicon-oxygen nearest nelghbor dis-
tance in silics glass [0]. The 2.8 A peali represents
the barium-oxygen hearest neighbor distwnce. The
caleulated separation i 2.8 A,

Coordination numbers calevlated from the ob-
served areas of maxima are rother doubtlul due to
systematis; errors and the overlap of interatomic sepa-
rations inherent in the teclmique. In addition, for
complex glasses such as barium horosilicate, the cal-
culation of coordination numbers iz coinplicated.

Consider the 1.6 A peak. There are three inter-
atomic separations contributing to the area of this
peak. Omne is the previously mentioned 1.8 A silicon-

a similar
, obtained
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Fiovee 6 Schemolic represcniofion of modified ivpe A
coordingfion depicting l}:a shorf Brerium-baripst separalion,
&7 .ﬁ[, {daeh lime) and the small barfuet-oxygen-boarizm bonrd
angle, 11567, {dn enrve),

The anple was calinglatad on the basis of g 2.3 A horium-oxygen sepacstion snd
the 4.7 A barlym-ketiun sepa bl oo ohtsioed fom the eadbal distrnibutlon curve.
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oxygen separation, snother is a 1.4 A boron-oxygen
geparatien resulting from triangularly coordinated
boron, and also present is & 1.6 A boron-oxygen sepa-
ration areing from tetrabedrelly coordinated boron
[10]. The cotibributions of the two boron-oxygen
ueparations to the area of this peak ars iIndeterminate,
Howaver, comparad with the contribution of the 1.6
A gilicon-oxygen separation, the contributions due to
the horon-oxygen separations are minor becauso of
the low atomic number of boron, With due eonsid-
eration for these fucts, an estimated srea of 200 {elac-
trona’® ia attributed to the 1.6 A silicon-oxygen seps-
ration. From this area a ecordination numgiof 4.3
is raleulated for the number of oxypen nearest neigh-
bors shout & silicon atom (sce refercnce 3 for coordi-
nation nwnber caleulations), Thiz value 1= consist-
ent with the predicted valye, 4,

The area of the 2.8 A peak haz contributions from
saveral interatomic separations as in the previous
case. The primary contribution to this peaIE i= from
the buwrum-oxypen nearest neighbor separation,
The area of the 2.8 A peal iz eatimated to be 2,500
felectronz)®.  If one were to assume 3-fold coordine-
tion for the oxywen nesrest neighbors about & barium
atom, then tfm caleulated ares is approximately
1,600 (electrons)?

The more important aspects of this research, the
coordination change and estimate of percent of
barium atomnszin cit%mr coordination prouping, can be
treated further. Clontinging with the previous
pesomiption that the barium stoms form a cubic
arvay, an average barium separation of 5568 A is
caleulated using the Warren and Pincys equation
which states that the extent of immiseibiity is
inversely proportional to the cube of the modifier
cation separation. Tha radial distribution funetion
doee not sllow s determination of tha relaiive
smounts of barium atoms in type B abd modified
tyvpe A coordination but, as the econtributing distances
and average distance are known, the following
calculation can be made to provide an estliinate of the
fraction of barium atoms in cach coordination type.

Telting o equal the fraction of harium atorns
involved in type B coordination and (1—«) the
{i‘action invalved in modified type A coordination,

her

(6.8 AP+ (1—a) (4.7 AP=(5.58 A)
o={.33.

Since the total amount of harium oxide in the
maodlifier-rich liquid iz 25 moele percent, then approxi-
mately 8.25 mole percent is associated with type B
coordination and about 18.75 mole percent is involved
in modified type A coordination.

The ratio of mola percents of bavium oxide (16.49%)
to horic oxide (83.59%) in the binary barium borate
aystermn at the limit of miscibility of barium oxide
in the modifer-rich liquid is spproximately 0.20.
For this systern the barium atoms have the type B
confipneation [3]. It is interesting to note that the



ratin of mole percents of harium oxide (2.25%) to
bhorie oxide {409 for the corresponding modifier-
rich liquid in the ternary bariom borosilicate system
is 0.21, when only the caleulsted amount of barinm
oxide involved in type B coordination is considered.
The similarity of ratios suggesta that the amount of
barium atoms in type B coordination remains con-
gtunt as sibica apd barium oxide components are
added, while the added barium atoms assuyme the
medified type A eoordinstion.

Using the oxygen-volume method [1] the compo-
gition o[ the maxirmum extent ¢of miscibility of modi-
fier oxide can be estimated. For bariumn borate in
type B coordination, the relative mole percentages
are: 16.1 Ba0-583.9 B;0; [1]. For barimmn silicata in
modified type A coordination, the relative mole
pereentages are: 32.2 BaQ-67.8 5i0,.  The combinad
comnpositions can be written as: 32.2 BaQ (modified
type A)-16.1 Bal} (type B}-33.9 B,0.-67.8 5il); or
on & 100 percent basie as: 16.1 BaQ} {fmodified type
A)-8.0 BaQ {(type B)-.42.0 By0;:33.9 310, This
composition compares well with the experimenial
compositicn, 16.75 Bal {moedifled type A)-8.25 BaD
{type B)-39 B:0,-36 5i0,, whera the relative amonnts
ofygaﬂh coordination type were determined by the
caleulation of «, tha fractivn of barium atoms
involved in type B coordination,

4. Conclusions

The radial distribution funectivns reveal barium-
barium separations at approximately 4.7 and 6.8 A.
The unezpected 4.7 A lfist.ance is due to barium
atoms in a modified type A ccordination with a
calenlated barinm-oxygen-barium bond angle of
about 115% The 6.8 A distanes is due to barium
atoms in type B coordination and the bharinm-
barinm second nearest neighbor separation due to
modified type A coordination. The new factor as
compared te the average barium separation in the
barioimn borate glass iz the 4.7 A scparation. As
postuiated by Levin and Block, the increase of the
mmmiscibility range in the ternary barium boro-
silicate system does occur hy a coordination-changa
mechanism. However, the barium atoma are not
involved solely in type A coordinaticn, The factor
which caused Levin and Block to assume 100
pereent change to type A coordination is the good
agreement observed between the average barium-
barinm separation (5.58 A) determined by using the
Warren and Pincus immiseibility equation and the
geomeirical separation (5.50 A) due to the type A
configoration with a 18%0° barium-oxyzen-barium
bond angle.

At the Jimit of miacibility in the binary barium
borate system, the modifier-rich liguid containe
16,4 mole percent bariom oxide with the barium
atoms involved primanly ia type B coordination.
The correeponding barium borosilicate modifier-rich
liquid contains 25 mole percent barium oxide [1].
Combining the resultas of the radial distrihntion
etudy and the immiseibility equation indieates that

AFE611 —8—

approximately 16.75 mole percent berium oxidae is
involved in the modified type A configuration and
8.25 mole percent barium oxide is associated with
type B coordingtion. Tn the barium borate modifier-
rich ligquid as silica and barium oxide components
are adged, it may be considered that the amount of
karinm atoms o B coordination remains gon-
atant, while the Mﬂﬁiﬂnnl barium atomns assume s
modified type A eoordination. Using the modified
type A eoordination model and the oxygen-volume
method of calculating the extent of miscibility of
modifier oxide [1] results in & final limiting compo-
gition of 16.1 Bal {(modified type A)-5.0 Bad
{type By-42.0 1320;.33.9 5i0; in mole percent.

%&ch econvdination type, modified A or B, is not
necessarily associated with a particular network
former. One should consider the structure with
type B coordinaticn as having modifier cations
scpavated primarily by the network former as
deseribed sarlier in figurs 2 and relatad logand. Thus,
the modifier cations ara bonded to different oxygzens.
The structure with modified type A ecoordination
should bo considered as having modifier cations
honded primarly to the same oxypen atom.

This stydy indicates the importance of determin-
ing whether the phenomenon of coexistence of type
B and modified type A coordinations is limited to the
ternary ayetem. Research on  relevant binery
systems iz presently being undertaken.

The authors ate gmaﬂ{ indebted to A. Bienenstock
for his valpable counsel in eonnection with many
nspects of this stndy. In addition, thanks are due
te H, M. Ondik of tha National Burean of Standards
utaff for developing o computer program for nse in
facilitating the calculations connected with thia
rasearch,
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